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Abstract Greenland’s bed topography is a primary control on ice ﬂow, grounding line migration,
calving dynamics, and subglacial drainage. Moreover, fjord bathymetry regulates the penetration of warm
Atlantic water (AW) that rapidly melts and undercuts Greenland’s marine-terminating glaciers. Here we
present a new compilation of Greenland bed topography that assimilates seaﬂoor bathymetry and ice
thickness data through a mass conservation approach. A new 150m horizontal resolution bed topography/
bathymetric map of Greenland is constructed with seamless transitions at the ice/ocean interface, yielding
major improvements over previous data sets, particularly in the marine-terminating sectors of northwest
and southeast Greenland. Our map reveals that the total sea level potential of the Greenland ice sheet
is 7.42 ± 0.05 m, which is 7 cm greater than previous estimates. Furthermore, it explains recent calving
front response of numerous outlet glaciers and reveals new pathways by which AW can access glaciers
with marine-based basins, thereby highlighting sectors of Greenland that are most vulnerable to future
oceanic forcing.
1. Introduction
Subglacial bed topography and seaﬂoor bathymetry provide fundamental controls on ice dynamics and
ocean circulation along Greenland’s periphery. The presence of sills in some fjords, for example, can block
warm (>2.5∘C) subsurface Atlantic water (AW) from interacting with glacier calving fronts, whereas other
fjords are too shallow to host AW, or someglacier fronts are grounded aboveAW levels (e.g., Rignot et al., 2012;
Straneo et al., 2010). AW is typically found deeper than 200–300 m below sea level (e.g., Holland et al., 2008;
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Rignot et al., 2016). When AW reaches glacier termini, calving fronts are exposed to strong ocean-induced
melt, whichmaybe enhancedby subglacial discharge (Bendtsen et al., 2015; Xu et al., 2013). Thismelt can lead
to glacier undercutting, enhanced calving, ice front retreat, ﬂow acceleration, and glacier thinning (Enderlin
et al., 2013; Morlighem, Bondizo, et al., 2016; Straneo and Heimbach, 2013). It is therefore critical to determine
the locations that are currently exposed to AW and that may be exposed to AW in the future, that is, how far
these glaciers need to retreat before themargin reaches higher ground (<200–300mdepth) or becomes land
terminating (bed >0 m).
Similarly, subglacial bumps and ridges control the retreat rate of Greenland glaciers and provide temporary
stabilizing shoals for grounding lines and ice fronts (e.g., Durand et al., 2011; Morlighem, Bondizo, et al., 2016).
It is essential to map these features in suﬃcient detail, at a spatial resolution compatible with the needs of
ocean and ice sheet numericalmodels (<500m), to improveboth our understandingof ice-ocean interactions
and the predictability of ice sheet evolution in a changing climate using thesemodels (e.g., Aschwanden et al.,
2016; Durand et al., 2011; Seroussi et al., 2011).
Following pioneering eﬀorts involving gravitymeasurements in the 1950s, since the early 1970s bed topogra-
phy and ice thickness data have been collected primarily by airborne radar sounders that detect the ice/bed
interface at nadir, directly beneath the aircraft (Dowdeswell & Evans, 2004; Evans & Robin, 1966). Over the past
decade, NASA’s Operation IceBridge (OIB) has tripled the amount of ice thickness data (horizontal resolution
between 30 and 60 m and vertical resolution ∼10 m), by ﬂying more than 580,000 km of ﬂight tracks over
Greenland (Rodriguez-Morales et al., 2014). These data, combined with other data and a mass conservation
approach, have transformed our knowledge of the bed topography of the Greenland ice sheet (Morlighem
et al., 2014a).
Despite this wealth of data, bed topography remains challenging to map along the coastal margins because
radar-derived ice thickness data of suﬃcient quality are lacking in the vicinity of calving fronts, andmeasure-
ments of fjordbathymetryhaveoftenbeen scarce tononexistent until recently. Glacier termini are challenging
to measure by radar for three reasons: (1) the high density of surface crevasses that reﬂect oﬀ-nadir radar
signal (surface clutter); (2) the ice is warmer, which potentially prevents the radar signal from reaching the bed
due to the presence of water pockets; and (3) the deep valleys make the interpretation of radar echograms
diﬃcult due to sidewall reﬂectors (Holt et al., 2006; Jezek et al., 2013). In many cases, no radar-derived ice
thicknessmeasurement is available within 50 km of glacier termini, despite being critical regions for ice sheet
models. Tomap thebedbeneath the ice,wehaveused themass conservation approach (MC,Morlighemet al.,
2011). The accuracy of this mapping method degrades along ﬂow away from radar lines (Morlighem, Rignot,
et al., 2016), as the ice moves away from ice thickness constraints. To control the optimization, it is necessary
to obtain bathymetry data along the ice fronts (Morlighem, Rignot, et al., 2016).
Here we employ new ocean bathymetry data from 30 diﬀerent sources, in combination with the mass con-
servationmethod to produce a detailed, seamless, and comprehensive map of the bed topography and fjord
bathymetry around the entire periphery of Greenland (within 50 km of the coast) at a horizontal spatial reso-
lution of up to 150 m. In poorly charted fjords, we rely on synthetic fjord bathymetries (Williams et al., 2017).
We merge the ﬁnal map with RTopo-2/IBCAO (Schaﬀer et al., 2016) at a distance of 50 km away from the
coast. We ﬁrst describe the methodology employed to construct this topographic product, then compare
the results with recent bed topography maps from Bamber et al. (2013) and RTopo-2 (Schaﬀer et al., 2016),
and ﬁnally discuss the implications of the results for understanding and modeling the future of Greenland’s
marine-terminating glaciers.
2. Data and Method
Wecompiled radar-derived ice thicknessmeasurements collected between 1993 and 2016 from the following
sources (Figure 1a): NASA’s Operation IceBridge, with data processed by the Center for Remote Sensing of Ice
Sheets (CReSIS, Leuschenet al., 2010updated2016),which is the largest data setwithmore than580,000 kmof
ice thickness measurements; the High CApability Radar Sounder (HiCARS, Peters et al., 2005, 2007), operated
by the University of Texas, Institute for Geophysics; the Pathﬁnder Advanced Radar Ice Sounder (PARIS, Raney,
2010); Alfred Wegener Institute (AWI, Nixdorf et al., 1999); the University of Denmark (DTU, Lindbäck et al.,
2014; Thomsen et al., 1997); and Uppsala University (UU, Lindbäck et al., 2014), collected in the vicinity of
Russell Gletscher and Nioghalvfjerdsfjorden.
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Figure 1. (a) Data coverage, including ice-penetrating radar measurements (Center for Remote Sensing of Ice Sheets, High CApability Radar Sounder, University
of Denmark, Uppsala University, Pathﬁnder Advanced Radar Ice Sounder, Alfred Wegener Institute) and ocean bathymetry (from single-beam data in dark blue),
and (b) BedMachine v3 bed topography sources, which include mass conservation (MC), kriging, Greenland Ice Mapping Project (GIMP) (Howat et al., 2014),
RTopo-2/IBCAO v3 (Jakobsson et al., 2012; Schaﬀer et al., 2016), and bathymetry data from multibeam and gravity inversions acquired after the compilation of
IBCAO v3.
For the ocean bathymetry (Figure 1a), we compiled multibeam echo sounding data (MBES, e.g., Jakobsson
et al., 2016) from the following sources: NASA’s Oceans Melting Greenland (OMG, OMG Mission, 2016) along
the coast of west and southeast Greenland; Slabon et al. (2016) along the Northwest coast; Weinrebe et al.
(2009) in Torssukataq and Uummannaq Fjords, for which we also included data from Ó Cofaigh et al. (2013),
Dowdeswell et al. (2014), Rignot et al. (2015), Fried et al. (2015), and Rignot et al. (2016); in Melville bay (Freire
et al., 2015); and data from the Petermann 2015 Expedition where the Petermann Fjord and the adjacent Hall
Basin in Nares Strait were completely mapped with the Swedish icebreaker Oden (Mix et al., 2015). In the
regionofDiskoBay,we reliedon single-beamand conductivity-temperature-depthdata fromSchumannet al.
(2012), and data from Holland et al. (2008) and Straneo et al. (2012) in Illulisat Icefjord. Bathymetry data were
also available in the vicinity of Kangerdlussuaq (Sutherland et al., 2014), Nordvestfjord (Dowdeswell et al.,
2016), Lille Gletscher (Chauché et al., 2014), Sermilik fjord (Straneo et al., 2016), Godthåbsfjord (Motyka et al.,
2017), Sarqardleq fjord (Stevens et al., 2016), Timmiarmiut Fjord, Heimdal Glacier, and Skjoldungen Fjord
(Kjeldsen et al., 2017); near the calving front of Bowdoin Glacier (Sugiyama et al., 2015); in Godthåbsfjord
(S. Rysgaard, personal communication, 2017), in Young Sound fjord (Rysgaard et al., 2003); near Flade Isblink
Ice Cap (Bendtsen et al., 2017); single-beam data in northwest Greenland from the Ocean Research Project
(ORP); and on the continental shelf along the southeast coast (Sutherland & Pickart, 2008). We also added vast
amounts of single-beamdata from the Olex seabedmapping system (www.olex.no) as well as crowd-sourced
data from ﬁshing and recreational vessels (MaxSea). While less reliable than MBES data, these data cover
an extensive area that signiﬁcantly improved our mapping in many fjords, where other data were lacking.
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In the regions of Zachariae-Isstrøm and Nioghalvfjerdsfjorden, we relied on bathymetry data fromArndt et al.
(2015) and bathymetry derived fromgravity inversions (Mouginot et al., 2015). We also relied on gravity inver-
sions downstreamof Upernavik and Alison’s ice fronts. In fjordswhere coverage is sporadic or nonexistent, we
employed the approach proposed by Williams et al. (2017) to construct synthetic yet plausible bathymetry.
To map the subglacial topography of coastal Greenland, we employ a mass conservation approach (MC,
Morlighemet al., 2014a, 2013, 2011), which combines ice thicknessmeasurements from radar, high-resolution
(150 m) satellite radar velocity vector data collected in 2008–2009 from Mouginot et al. (2017), surface mass
balance reconstruction from RACMO 2.3 downscaled to 1 km averaged for the years 1960–1989 (Noël et al.,
2016), and ice thickening/thinning rates from altimetry data diﬀerencing between 2003 and 2006 (Khan
et al., 2014). These products are provided at a higher resolution and better accuracy than the ones used in
BedMachine v2 and signiﬁcantly improved the mapping in southeast Greenland, where we have less radar
data to constrain the calculation. Morlighem et al. (2014a) provide a complete description of the MCmethod.
For some glaciers, bathymetry measurements are available within a few kilometers of the glacier calving
fronts. These data are used to provide additional constraints to MC in places not well covered with radar data.
We use here the approach described in Morlighem, Rignot, et al. (2016), where bathymetry data are included
in the cost function to be minimized:
 (H) = ∫T
1
2
(
H − Hobs
)2
dT + ∫terminus
1
2
(H − (s − b))2 ds
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
constraint from bathymetry data
+(H) (1)
whereH is themodeled ice thickness that satisﬁes the conservation ofmass;Hobs is themeasured ice thickness
data measured along ﬂight lines, T ; and  is a regularizing term to avoid unrealistic spurious oscillation in
ice thickness due to overﬁtting. The second term of equation (1) forces the MC ice thickness to be as close as
possible to the ice front thickness estimated by subtracting the surface elevation, s (Howat et al., 2014), from
the ocean bathymetry, b, at the terminus. For 70% of the glaciers that were remapped using the bathymetry
constraint, we found that the bed estimate from BedMachine v2 (that was not constrained by bathymetry
data) was within 100m of bathymetry measurements, which was less than our error estimate (Table S1 in the
supporting information).
The regions in blue in Figure 1b show thatMC is appliedmainly along the coast where ice velocities are higher
than 50 m/yr, which are regions where MC is most reliable (Morlighem et al., 2014b). Since the release of
BedMachine v2, we have increased the surface area mapped with MC by 44%, primarily along the east coast.
We then stitch together all individual MC ice thickness maps. Two adjacent MC maps of ice thickness are
constrained by the same ﬂight lines along their boundaries to ensure a seamless transition between adjacent
maps. We create a gap of ∼ 2 km between the two maps and use a simple interpolation (inverse distance
weighting) in order to create a smooth transition.
Away from the regions of fast ﬂow, we map the ice thickness in the interior of the ice sheet using kriging
(Deutsch& Journel, 1997). Kriging is applied 5 kmaway from theMCmaps, andwe include allMC ice thickness
results as additional point measurements to the kriging.
We deduce the subglacial topography by subtracting our ice thickness map from a surface digital elevation
model from the Greenland IceMapping Project (GIMP) (Howat et al., 2014), which has a nominal date of 2007.
This bed topography is then combined with all bathymetry data in the fjords and a natural neighbor inter-
polation along the fjords (Figure 1b). In uncharted or poorly charted fjords, we use a synthetic fjord method
(Williams et al., 2017) that enforces a parabolic across-ﬂow proﬁle consistent with the bed depth at glacier
termini and guided by available bathymetry measurements. Wemerge this mapwith RTopo-2 (Schaﬀer et al.,
2016) 50 km away from the coast. RTopo-2 is mostly based on the International Bathymetric Chart of the
Arctic Ocean v3.0 (IBCAO, Jakobsson et al., 2012), except in northeast Greenland where RTopo-2 uses the
bathymetric compilation by Arndt et al. (2015).
The ﬁnal bed topography map is assembled on a grid with a horizontal resolution of 150 m (using a Polar
Stereographic North projection, with a central meridian of 45∘W and standard parallel of 70∘N), but the true
horizontal resolution of the bed topography depends on the source data used to create the maps in that
region. It is about 1,000 m in regions where kriging, RTopo-2, and gravity inversions are used, 400 m in the
regions mapped with MC, and 150 m for the regions of ice-free land or the regions for which we have MBES
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Figure 2. (a) BedMachine v3 bed topography (m), color coded between −1500 m and +1500 m with respect to mean sea level, with areas below sea level in blue
and (b) regions below sea level (light pink) that are connected to the ocean and maintain a depth below 200 m (dark pink) and that are continuously deeper
than 300 m below sea level (dark red). The thin white line shows the current ice sheet extent.
bathymetry data (Figure 1b), as these data are provided at a higher resolution than our 150 m grid. Figure 2a
shows the ﬁnal bed topography product, with seamless transitions across glacier calving fronts.
All the data sets used to reconstruct the ice thickness cover the period 2003–2008, except the observed ice
thickness data that cover a longer period: 1993–2016. While many glaciers along the coast have been thin-
ning, the cumulative amount of thinning remains less than the uncertainty in radar-derived ice thickness
measurement (∼50 m) except in coastal regions that experience strong thinning.
3. Results and Discussion
Accounting for scale corrections (due to the polar stereographic projection which is increasingly distorted
with distance from the deﬁned latitude of true scale, 70∘N), this new bed topography yields a total ice volume
of 2.99 ± 0.02 106 km3 (or 2.74 ± 0.02 106 Gt, assuming an ice density of 916.7 kg m−3). The volume above
ﬂoatation, which would directly contribute to sea level rise if the Greenland ice sheet were to melt entirely,
is 2.93 ± 0.02 106 km3 (or 2.69 ± 0.02 106 Gt). Assuming that the density of the ice is 916.7 kg m−3, for an
average density of sea water of 1,027 kgm−3, and assuming that 361.8 Gt of ice contributes to 1mmof global
eustatic sea level rise, this new map suggests that the Greenland ice sheet has a total sea level rise potential
of 7.42 ± 0.05 m, which is 7 cm larger than stated by Stocker et al. (2013).
Figure 3 illustrates some examples of bed mapping across calving fronts, and Figure 4 shows the surface
and bed elevations compared with two recently released products: B2013 (Bamber et al., 2013) and RTopo-2
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Figure 3. Bed topography for diﬀerent sectors of Greenland: (a) the region of Savissuaq Gletscher, (b) Hayes Gletscher, (c) Illullip Sermia, (d) Mogens Heinesen N,
(e) Heimdal Gletscher, and (f ) Skinfaxe. The yellow/red lines indicate the ice front position between 1985 and today from Landsat data, and the white dotted line
shows the proﬁle used in Figure 4. The topography is color coded between −700 m and 800 m, and contours are shown every 200 m from −800 m to 200 m
above sea level. Some glaciers, such as the one 10 km northwest of Heimdal Gletscher, were not mapped using MC.
(Schaﬀer et al., 2016) along some cross sections. B2013 relies solely on kriging for the bed topography under
the ice sheet and the IBCAO v3 (Jakobsson et al., 2012) for the ocean bathymetry. In a number of fjords,
no bathymetry data were available prior to OMG and B2013 manually lowered the bathymetry from IBCAO
in order to better represent deep fjords. RTopo-2 relied on mass conservation products from BedMachine
v2 (Morlighem et al., 2014a) for grounded ice and IBCAO for the ocean bathymetry in this region. Ice front
positions were derived from Landsat 5, 7, and 8 data.
In the region of Savissuaq Gletscher, in northwest Greenland, the new bathymetry data from OMG reveal
ﬁne-scale (<1 km) details, such as moraines that may originate from the Little Ice Age (Figure 3a) and may
have acted as pinning points as the glacier retreated inland. The topography revealed by OMG is signiﬁcantly
deeper than in previous mapping (>600 m below sea level) and rises gradually toward the ice margin. In this
region, the bed from BedMachine v2, which is included in RTopo-2 (Figure 4a), showed a misﬁt with OMG
data of about 100 m. This is one of the places where accounting for bathymetry data signiﬁcantly improves
the mapping of bed topography upstream. The shape of the bed between BedMachine v2 and v3 did not
change signiﬁcantly but shifted down by 100 m near the margin. The original oﬀset, which is less than our
error estimate, may be due to several factors such as an underestimated thinning rate or underestimated
accumulation.Weobserve that the ice front has been retreating over a relatively ﬂat bed (Figure 4a) but is now
entering a region of prograding bed slopes (i.e., the bed rises inland), which we expect will lead to slowing
down of retreat.
In the vicinity of Hayes Gletscher, in northwest Greenland (Figures 3b and 4b), new bathymetry data again
reveal a topography that is signiﬁcantly diﬀerent frompreviousmappings: in the south side of the domain, the
bed remains deep below sea level (< 800 m) and rises to about 200 m below sea level. The ice front of Hayes
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Figure 4. Surface and bed topography along six proﬁles (see white dotted lines in Figure 3) from this study (solid black) and bed from B2013 (dotted red, Bamber
et al., 2013) and RTopo-2 (dotted yellow, Schaﬀer et al., 2016). Multibeam bathymetry data (MBES) are shown in blue. The vertical lines show the ice front position
between 1995 and today.
was stabilized by a sill of about 200 m but was dislodged from this sill in 2005 and retreated into a region of
retrograde bed (i.e., the bed deepens inland) (Post, 1975;Weertman, 1974). According to ourmapping, the ice
front will retreat another 3 km before the bed becomes prograde again. South Hayes N was also stable on a
sill until 1998 when it started to retreat inland, where the bed is deeper. It is now resting on the deepest part
of the bed, and we expect the ice front to either stabilize at its current position or retreat at a slower pace into
an area of prograde slope.
Illullip Sermia (Figures 3c and 4c) has also been resting on a pronounced sill of about 300mwhere it has been
stable since at least 1985, but over the past 5 years, the northern side of the calving front has retreated by
about 2 km inland where the bed is deepest. The asymmetry of the retreat is in agreement with our new bed
mapping and suggests that this glacier will continue to retreat for at least another 5 km, where the bed is
strongly retrograde.
In the three following examples in southeast Greenland (Figures 3d–3f ), we did not have reliable ice thick-
ness measurements to correctly constrain the bed depth in BedMachine v2. Eastern Greenland is on average
∼1,000 m higher than western Greenland, and glaciers have carved their way through the mountain ranges
by glacial erosion over many glacial cycles (Kessler et al., 2008), forming deep, highly entrenched valleys.
The glaciers ﬂowing through these fjords are particularly diﬃcult to sound due to their complex geometry.
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Applying MC in these fjords is therefore challenging since the approach is poorly constrained. Prior to OMG,
very few glaciers in the southeast could be mapped using MC. With new bathymetry measurements at the
calving face of some glaciers of southeast Greenland, we now have the essential constraint at the ice front to
make MCmapping reliable.
In the region of Mogens Heinesen (Figures 3d and 4d), OMG data reveal a deep (800 m below sea level) fjord
that rises rapidly close to calving fronts, which are resting on a prograde slope. All three glaciers have been
retreating over the past two decades, but their rate of retreat seems to be slowing down as the grounding line
migrates to shallower topography.
Heimdal Gletscher and Skinfaxe glacier (Figures 3e, 3f, 4e, and 4f) are sitting on ledges within their fjord, and
their fronts have been stable for the past 10 years. There is evidence that Skinfaxe glacier has been stable at
that position since at least the 1930s (Bjørk et al., 2012), which suggests that signiﬁcant thinning is required
to dislodge these glaciers from their current position. The glacier bed remains below sea level several tens of
kilometers inland. Similar deep fjords are found to be widespread in southeast Greenland.
These narrow and deep fjords have important implications for the current and future state of the Greenland
ice sheet as they can provide pathways for AW to interact with glacier termini. To investigate the regions
that are in contact with the ocean, we determine locations that are continuously below sea level from the
continental shelf to the ice sheet bed (light pink area in Figure 2b). As glaciers aroundGreenland retreat, these
regions will remain in contact with the ocean. We also determine the regions that are continuously below a
depth of 200 and 300m, respectively, and are currently connected to the ocean below these depths (pink and
dark red areas in Figure 2b, respectively). Glaciers that retreat within these regions will potentially remain in
contact with warm AW as they do so. Since submarine bed channels are widespread and extend far inland,
these glaciers will remain vulnerable to ocean warming as they retreat for hundreds of kilometers.
This map suggests that while south and east Greenland are not signiﬁcantly vulnerable to AW as the bed
topography is mainly above sea level in these regions, west Greenland and major glaciers in northern
Greenland are currently exposed to AW and will remain exposed for tens to hundreds of kilometers as they
retreat inland. Among the 243 glaciers listed in Rignot and Mouginot (2012), we ﬁnd that 139 of them are
marine terminating (81 in B2013 and129 in RTopo-2), 28 havepathways to the ocean that remain below300m
below sea level (22 in B2013 and 7 in RTopo-2, Table S1), and 67 are exposed to ocean waters that remain
below 200 m below sea level (32 in B2013 and 17 in RTopo-2, Table S1). This new bed shows that between 30
and 100% more glaciers are potentially exposed to AW than suggested by previous mapping, which repre-
sents∼55% of the ice sheet’s total drainage area (45% in B2013 and 35% in RTopo-2). The Greenland ice sheet
is therefore more exposed to ocean warming than understood previously.
Although northwest Greenland is particularly well surveyed in terms of ice thickness measurements, east
Greenland remains underconstrained inmany places, and the coast between Storstrømmen and north of the
Geikie Plateau must be further surveyed. These improvements would allow us to run MC in some regions
where there are not enough measurements to properly constrain the model. Many lines have been ﬂown
south of the Geikie Plateau along the coast, but the bed remains challenging to sound. More gravity data
could help better constrain the topography if MBESmapping is not possible. Many fjords along the coast also
remain to be mapped (Table S1), especially in regions where we are relying on synthetic bathymetry (pink in
Figure1b). Additional bathymetrymeasurements in thefjords andon the continental shelfwill further improve
the reliability and quality of BedMachine.
This mapping provides a physically based description of the subglacial topography and ocean bathymetry in
the vicinity of the Greenland ice sheet. The product makes it possible to consider modeling ocean circulation
in Greenland fjords. It also oﬀers major improvements in the robustness of ice sheet model predictions, as it
includes many features that may play an important role on ice dynamics as glacier calving fronts continue to
retreat. As more radar, gravity, or multibeam data become available, we will update the map to continuously
improve projections of the contribution of the Greenland ice sheet to sea level rise. The ﬁnal product will be
available as an Operation IceBridge Earth Science Data Set at the National Snow and Ice Data Center (NSIDC).
4. Conclusion
Wepresent a newhigh-resolution bedmapof theGreenland ice sheet and ocean bathymetry, with a seamless
transitionacrossglacier termini. Themapcombinesmass conservationandnewly collectedoceanbathymetry
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data from OMG and includes bathymetric data from previous marine surveys. Our new estimate for
Greenland’s sea level rise potential is 7 cm higher than the previously published value, and we ﬁnd that
between 30 and 100%more glaciers are potentially exposed to AW than suggested by RTopo-2 or B2013. We
also ﬁnd that our newmap is consistentwith the pattern of ice front retreat along the coast, where the glaciers
that have been retreating themost were resting on retrograde beds. Thismap is a self-consistent data set that
opens the door to high-resolution coupled ice sheet and ocean numerical modeling, which should ultimately
improve our ability to model the evolution of the Greenland ice sheet in a changing climate.
References
Arndt, J. E., Jokat, W., Dorschel, B., Myklebust, R., Dowdeswell, J. A., & Evans, J. (2015). A new bathymetry of the northeast Greenland
continental shelf: Constraints on glacial and other processes. Geochemistry, Geophysics, Geosystems, 16, 3733–3753.
https://doi.org/10.1002/2015GC005931
Aschwanden, A., Fahnestock, M., & Truﬀer, M. (2016). Complex Greenland outlet glacier ﬂow captured. Nature Communications, 7, 1–8.
https://doi.org/10.1038/ncomms10524
Bamber, J. L., Griggs, J. A., Hurkmans, R. T. W. L., Dowdeswell, J. A., Gogineni, S. P., Howat, I.,… Steinhage, D. (2013). A new bed elevation
dataset for Greenland. Cryosphere, 7, 499–510. https://doi.org/10.5194/tc-7-499-2013
Bendtsen, J., Mortensen, J., Lennert, K., Ehn, J. K., Boone, W., Galindo, V.,… Rysgaard, S. (2017). Sea ice breakup and marine melt of a
retreating tidewater outlet glacier in northeast Greenland (81∘N). Scientiﬁc Reports, 7(1), 4941. https://doi.org/10.1038/s41598
Bendtsen, J., Mortensen, J., Lennert, K., & Rysgaard, S. (2015). Heat sources for glacial ice melt in a west Greenland tidewater outlet glacier
fjord: The role of subglacial freshwater discharge. Geophysical Research Letters, 42, 4089–4095. https://doi.org/10.1002/2015GL063846
Bjørk, A. A., Kjaer, K. H., Korsgaard, N. J., Khan, S. A., Kjeldsen, K. K., & Andresen, C. S. (2012). An aerial view of 80 years of climate-related
glacier ﬂuctuations in southeast Greenland. Nature Geoscience, 5(6), 427–432. https://doi.org/10.1038/NGEO1481
Chauché, N., Hubbard, A., Gascard, J.-C., Box, J. E., Bates, R., & Koppes, M. (2014). Ice-ocean interaction and calving front morphology at two
west Greenland tidewater outlet glaciers. Cryosphere, 8(4), 1457–1468. https://doi.org/10.5194/tc-8-1457-2014
Deutsch, C., & Journel, A. (1997). GSLIB. Geostatistical software library and user’s guide (2nd Ed.). New York: Oxford University Press.
Dowdeswell, J. A., Batchelor, C. L., Hogan, K. A., & Schenke, H. W. (2016). Nordvestfjord: A major east Greenland fjord system.
Atlas of submarine glacial landforms: Modern, quaternary and ancient (Vol. 46, pp. 43–44). London, Memoirs: Geological Society.
https://doi.org/10.1144/M46.40
Dowdeswell, J. A., & Evans, S. (2004). Investigations of the form and ﬂow of ice sheets and glaciers using radio-echo sounding. Reports on
Progress in Physics, 67(10), 1821–1861.
Dowdeswell, J. A., Hogan, K. A., Cofaigh, C. Ó., Fugelli, E. M. G., Evans, J., & Noormets, R. (2014). Late Quaternary ice ﬂow in a west Greenland
fjord and cross-shelf trough system: Submarine landforms from Rink Isbrae to Uummannaq shelf and slope. Quaternary Science Reviews,
92(SI), 292–309.
Durand, G., Gagliardini, O., Favier, L., Zwinger, T., & le Meur, E. (2011). Impact of bedrock description on modeling ice sheet dynamics.
Geophysical Research Letters, 38, L20501. https://doi.org/10.1029/2011GL048892
Enderlin, E. M., Howat, I. M., & Vieli, A. (2013). High sensitivity of tidewater outlet glacier dynamics to shape. Cryosphere, 7(3), 1007–1015.
https://doi.org/10.5194/tc-7-1007-2013
Evans, S., & Robin, G. d. Q. (1966). Glacier depth-sounding from air. Nature, 210(5039), 883–885. https://doi.org/10.1038/210883a0
Freire, F., Gyllencreutz, R., Greenwood, S. L., Mayer, L., Egilsson, A., Thorsteinsson, T., & Jakobsson, M. (2015). High resolution mapping of
oﬀshore and onshore glaciogenic features in metamorphic bedrock terrain, Melville Bay, northwestern Greenland. Geomorphology, 250,
29–40. https://doi.org/10.1016/j.geomorph.2015.08.011
Fried, M. J., Catania, G. A., Bartholomaus, T. C., Duncan, D., Davis, M., Stearns, L. A.,… Sutherland, D. (2015). Distributed subglacial
discharge drives signiﬁcant submarine melt at a Greenland tidewater glacier. Geophysical Research Letter, 42, 9328–9336.
https://doi.org/10.1002/2015GL065806
Holland, D., Thomas, R., De Young, B., Ribergaard, M., & Lyberth, B. (2008). Acceleration of Jakobshavn Isbrae triggered by warm subsurface
ocean waters. Nature Geoscience, 1(10), 659–664. https://doi.org/10.1038/ngeo316
Holt, J., Peters, M., Kempf, S., Morse, D., & Blankenship, D. (2006). Echo source discrimination in single-pass airborne radar sounding
data from the Dry Valleys, Antarctica: Implications for orbital sounding of Mars. Journal of Geophysical Research, 111, 1–13.
https://doi.org/10.1029/2005JE002525
Howat, I. M., Negrete, A., & Smith, B. E. (2014). The Greenland Ice Mapping Project (GIMP) land classiﬁcation and surface elevation datasets.
Cryosphere, 8(4), 1509–1518. https://doi.org/10.5194/tc-8-1509-2014
Jakobsson, M., Gyllencreutz, R., Mayer, L. A., Dowdeswell, J. A., Canals, B. J., Todd, B. J.,… Larter, R. D. (2016). Mapping submarine glacial
landforms using acoustic methods. Atlas of submarine glacial landforms: Modern, quaternary and ancient (Vol. 46, pp. 17–40). London,
Memoirs: Geological Society. https://doi.org/10.1144/M46.182
Jakobsson, M., Mayer, L., Coakley, B., Dowdeswell, J. A., Forbes, S., Fridman, B.,…Weatherall, P. (2012). The International Bathymetric Chart
of the Arctic Ocean (IBCAO) version 3.0. Geophysical Research Letters, 39, 1–6. https://doi.org/10.1029/2012GL052219
Jezek, K., Wu, X., Paden, J., & Leuschen, C. (2013). Radar mapping of Isunnguata Sermia, Greenland. Journal of Glaciology, 59(218),
1135–1146. https://doi.org/10.3189/2013JoG12J248
Kessler, M. A., Anderson, R. S., & Briner, J. P. (2008). Fjord insertion into continental margins driven by topographic steering of ice. Nature
Geoscience, 1(6), 365–369. https://doi.org/10.1038/ngeo201
Khan, S. A., Kjaer, K. H., Bevis, M., Bamber, J. L., Wahr, J., Kjeldsen, K. K.,…Muresan, I. S. (2014). Sustained mass loss of the northeast
Greenland ice sheet triggered by regional warming. Nature Climate Change, 4(4), 292–299. https://doi.org/10.1038/NCLIMATE2161
Kjeldsen, K. K., Weinrebe, R. W., Bendtsen, J., Bjørk, A. A., & Kjær, K. H. (2017). Multibeam bathymetry and CTD measurements in two fjord
systems in southeastern Greenland. Earth System Science Data, 9(2), 589–600. https://doi.org/10.5194/essd-9-589-2017
Leuschen, C., Gogineni, P., Rodriguez-Morales, F., Paden, J., & Allen, C. (2010 updated 2016). IceBridge MCoRDS L2 Ice Thickness, 2009–2016.
Boulder, CO: NASA DAAC at the National Snow and Ice Data Center. [Accessed April 2017].
Lindbäck, K., Pettersson, R., Doyle, S. H., Helanow, C., Jansson, P., Kristensen, S. S.,…Hubbard, A. L. (2014). High-resolution ice thickness
and bed topography of a land-terminating section of the Greenland ice sheet. Earth System Science Data, 6(2), 331–338.
https://doi.org/10.5194/essd-6-331-2014
Acknowledgments
This work was performed at the
University of California, Irvine, under a
contract with the National Aeronautics
and Space Administration, Cryospheric
Sciences Program (NNX15AD55G),
and the National Science Foundation’s
ARCSS program (1504230), and in
cooperation with the University of
Bristol as part of the Basal Properties
of the Greenland Ice Sheet project
(BPoG, NERC grant NE/M000869/1).
We thank the Danish Geodata Agency
and the Greenland Institute of Natural
Resources for providing bathymetry
data in the fjord of Narsap Sermia. We
also thank David and Denise Holland,
from New York University, for pro-
viding bathymetry data in Illulisat
Icefjord, and Don Blankenship and
Duncan Young, from the University
of Texas, Institute for Geophysics, for
their participation in collecting the
HiCARS data. Finally, we would like
to thank GRISO RCN (Greenland Ice
Sheet Ocean Research Coordination
Network) for their help in ﬁnd-
ing available bathymetry data.
BedMachine v3 will be available at the
National Snow and Ice Data Center
(NSIDC): http://nsidc.org/data/IDBMG4.
MORLIGHEMETAL. BEDMACHINEGREENLANDV3 11,059
Geophysical Research Letters 10.1002/2017GL074954
Mix, A. C., Jakobsson, M., & the Petermann-2015 Scientiﬁc Party (2015). Petermann-2015 expedition launches international
collaboration in Arctic science (Tech. Rep.). Fairbanks, AK: Arctic Research Consortium of the United States.
Retrieved from: https://www.arcus.org/ﬁles/newsletter/pdf/wta2015_v19i3.pdf
Morlighem, M., Bondzio, J., Seroussi, H., Rignot, E., Larour, E., Humbert, A., & Rebuﬃ, S.-A. (2016). Modeling of Store Gletscher’s
calving dynamics, west Greenland, in response to ocean thermal forcing. Geophysical Research Letters, 43, 2659–2666.
https://doi.org/10.1002/2016GL067695
Morlighem, M., Rignot, E., Mouginot, J., Seroussi, H., & Larour, E. (2014a). Deeply incised submarine glacial valleys beneath the Greenland
ice sheet. Nature Geoscience, 7(6), 418–422. https://doi.org/10.1038/ngeo2167
Morlighem, M., Rignot, E., Mouginot, J., Seroussi, H., & Larour, E. (2014b). High-resolution ice thickness mapping in south Greenland. Annals
of Glaciology, 55(67), 64–70. https://doi.org/10.3189/2014AoG67A088
Morlighem, M., Rignot, E., Mouginot, J., Wu, X., Seroussi, H., Larour, E., & Paden, J. (2013). High-resolution bed topography
mapping of Russell Glacier, Greenland, inferred from Operation IceBridge data. Journal of Glaciology, 59(218), 1015–1023.
https://doi.org/10.3189/2013JoG12J235
Morlighem, M., Rignot, E., Seroussi, H., Larour, E., Ben Dhia, H., & Aubry, D. (2011). A mass conservation approach for mapping glacier ice
thickness. Geophysical Research Letters, 38(L19503), 1–6. https://doi.org/10.1029/2011GL048659
Morlighem, M., Rignot, E., & Willis, J. (2016). Improving bed topography mapping of Greenland glaciers using NASA’s Oceans Melting
Greenland (OMG) data. Oceanography, 29(4), 62–71. https://doi.org/10.5670/oceanog.2016.99
Motyka, R. J., Cassotto, R., Truﬀer, M., Kjeldsen, K. K., Van As, D., Korsgaard, N. J.,… Rysgaard, S. (2017). Asynchronous behavior of outlet
glaciers feeding Godthåbsfjord (Nuup Kangerlua) and the triggering of Narsap Sermia’s retreat in SW Greenland. Journal of Glaciology,
63(238), 288–308. https://doi.org/10.1017/jog.2016.138
Mouginot, J., Rignot, E., Scheuchl, B., Fenty, I., Khazendar, A., Morlighem, M.,… Paden, J. (2015). Fast retreat of Zachariæ Isstrøm, northeast
Greenland. Science, 350(6266), 1357–1361. https://doi.org/10.1126/science.aac7111
Mouginot, J., Rignot, E., Scheuchl, B., & Millan, R. (2017). Comprehensive annual ice sheet velocity mapping using Landsat-8, Sentinel-1, and
RADARSAT-2 data. Remote Sensing, 9(4), 364. https://doi.org/10.3390/rs9040364
Nixdorf, U., Steinhage, D., Meyer, U., Hempel, L., Jenett, M., Wachs, P., & Miller, H. (1999). The newly developed airborne radio-echo sounding
system of the AWI as a glaciological tool. Annals of Glaciology, 29, 231–238. https://doi.org/10.3189/172756499781821346
Noël, B., van de Berg, W. J., Machguth, H., Lhermitte, S., Howat, I., Fettweis, X., & van den Broeke, M. R. (2016). A daily, 1 km
resolution data set of downscaled Greenland ice sheet surface mass balance (1958–2015). Cryosphere, 10(5), 2361–2377.
https://doi.org/10.5194/tc-10-2361-2016
Ó Cofaigh, C., Dowdeswell, J. A., Jennings, A. E., Hogan, K. A., Kilfeather, A., Hiemstra, J. F.,…Moros, M. (2013). An extensive and dynamic ice
sheet on the west Greenland shelf during the last glacial cycle. Geology, 41(2), 219–222.
OMG Mission (2016). Bathymetry (sea ﬂoor depth) data from the ship-based bathymetry survey. Ver. 0.1. OMG SDS, CA, USA. Dataset
Retrieved from: https://doi.org/10.5067/OMGEV-BTYSS. Accessed 2016-08-01.
Peters, M. E., Blankenship, D. D., Carter, S. P., Kempf, S. D., Young, D. A., & Holt, J. W. (2007). Along-track focusing of airborne radar sounding
data from West Antarctica for improving basal reﬂection analysis and layer detection. IEEE Transactions on Geoscience and Remote
Sensing, 45(9), 2725–2736. https://doi.org/10.1109/TGRS.2007.897416
Peters, M., Blankenship, D., & Morse, D. (2005). Analysis techniques for coherent airborne radar sounding: Application to West Antarctic ice
streams. Journal of Geophysical Research, 110, B06303. https://doi.org/10.1029/2004JB003222
Post, A. (1975). Preliminary hydrography and historic terminal changes of Columbia Glacier, Alaska (Tech. Rep.). Reston, VA: US Geological
Survey Hydrologic Investigations Atlas.
Raney, K. (2010). IceBridge PARIS L2 Ice Thickness, version 1.0. Boulder, CO: NASA DAAC at the National Snow and Ice Data Center.
https://doi.org/10.5067/OMEAKG6GIJNB
Rignot, E., Fenty, I., Menemenlis, D., & Xu, Y. (2012). Spreading of warm ocean waters around Greenland as a possible cause for glacier
acceleration. Annals of Glaciology, 53(60, 2), 257–266. https://doi.org/10.3189/2012AoG60A136
Rignot, E., Fenty, I., Xu, Y., Cai, C., & Kemp, C. (2015). Undercutting of marine-terminating glaciers in west Greenland. Geophysical Research
Letters, 42(14), 5909–5917. https://doi.org/10.1002/2015GL064236
Rignot, E., Fenty, I., Xu, Y., Cai, C., Velicogna, I., Ó Cofaigh, C.,…Duncan, D. (2016). Bathymetry data reveal glaciers vulnerable to ice-ocean
interaction in Uummannaq and Vaigat glacial fjords, west Greenland. Geophysical Research Letters, 43(6), 2667–2674.
Rignot, E., & Mouginot, J. (2012). Ice ﬂow in Greenland for the international polar year 2008–2009. Geophysical Research Letters, 39, L11501.
https://doi.org/10.1029/2012GL051634
Rodriguez-Morales, F., Gogineni, S., Leuschen, C., Paden, J., Li, J., Lewis, C.,… Panton, C. (2014). Advanced multifrequency
radar instrumentation for polar research. IEEE Transactions on Geoscience and Remote Sensing, 52(5), 2824–2842.
https://doi.org/10.1109/TGRS.2013.2266415
Rysgaard, S., Vang, T., Stjernholm, M., Rasmussen, B., Windelin, A., & Kiilsholm, S. (2003). Physical conditions, carbon transport,
and climate change impacts in a northeast Greenland fjord. Arctic, Antarctic, and Alpine Research, 35(3), 301–312.
https://doi.org/10.1657/1523-0430(2003)035[0301:PCCTAC]2.0.CO;2
Schaﬀer, J., Timmermann, R., Arndt, J. E., Kristensen, S. S., Mayer, C., Morlighem, M., & Steinhage, D. (2016). A global, high-resolution
data set of ice sheet topography, cavity geometry, and ocean bathymetry. Earth System Science Data, 8(2), 543–557.
https://doi.org/10.5194/essd-8-543-2016
Schumann, K., Voelker, D., & Weinrebe, W. R. (2012). Acoustic mapping of the Ilulissat Ice Fjord mouth, west Greenland. Quaternary Science
Reviews, 40, 78–88.
Seroussi, H., Morlighem, M., Rignot, E., Larour, E., Aubry, D., Ben Dhia, H., & Kristensen, S. S. (2011). Ice ﬂux divergence anomalies on 79north
Glacier, Greenland. Geophysical Research Letters, 38, L09501. https://doi.org/10.1029/2011GL047338
Slabon, P., Dorschel, B., Jokat, W., Myklebust, R., Hebbeln, D., & Gebhardt, C. (2016). Greenland ice sheet retreat history in the northeast Baﬃn
Bay based on high-resolution bathymetry. Quaternary Science Reviews, 154, 182–198. https://doi.org/10.1016/j.quascirev.2016.10.022
Stevens, L. A., Straneo, F., Das, S. B., Plueddemann, A. J., Kukulya, A. L., & Morlighem, M. (2016). Linking glacially modiﬁed waters
to catchment-scale subglacial discharge using autonomous underwater vehicle observations. Cryosphere, 10(1), 417–432.
https://doi.org/10.5194/tc-10-417-2016
Stocker, T., Qin, D., Plattner, G.-K., Alexander, L., Allen, S., Bindoﬀ, N.,… Xie, S.-P. (2013). Climate change 2013—The physical
science basis, book section technical summary (pp. 33–115). Cambridge, UK: Cambridge University Press.
https://doi.org/10.1017/CBO9781107415324.005
Straneo, F., Hamilton, G. S., Stearns, L. A., & Sutherland, D. A. (2016). Connecting the Greenland ice sheet and the ocean, a case study of
Helheim Glacier and Sermilik Fjord. Oceanography, 29(4, SI), 34–45.
MORLIGHEMETAL. BEDMACHINEGREENLANDV3 11,060
Geophysical Research Letters 10.1002/2017GL074954
Straneo, F., Hamilton, G. S., Sutherland, D. A., Stearns, L. A., Davidson, F., Hammill, M. O.,… Rosing-Asvid, A. (2010). Rapid circulation of warm
subtropical waters in a major glacial fjord in east Greenland. Nature Geoscience, 3(3), 182–186. https://doi.org/10.1038/NGEO764
Straneo, F., & Heimbach, P. (2013). North Atlantic warming and the retreat of Greenland’s outlet glaciers. Nature, 504, 36–43.
Straneo, F., Sutherland, D. A., Holland, D., Gladish, C., Hamilton, G. S., Johnson, H. L.,… Koppes, M. (2012). Characteristics of ocean waters
reaching Greenland’s glaciers. Annals of Glaciology, 53(60, 2), 202–210.
Sugiyama, S., Sakakibara, D., Tsutaki, S., Maruyama, M., & Sawagaki, T. (2015). Glacier dynamics near the calving front of Bowdoin Glacier,
northwestern Greenland. Journal of Glaciology, 61(226), 223–232. https://doi.org/10.3189/2015JoG14J127
Sutherland, D. A., & Pickart, R. S. (2008). The east Greenland coastal current: Structure, variability, and forcing. Progress in Oceanography,
78(1), 58–77. https://doi.org/10.1016/j.pocean.2007.09.006
Sutherland, D. A., Straneo, F., & Pickart, R. S. (2014). Characteristics and dynamics of two major Greenland glacial fjords. Journal of
Geophysical Research: Oceans, 119(6), 3767–3791. https://doi.org/10.1002/2013JC009786
Thomsen, H., Reeh, N., Olesen, O., Boggild, C., Starzer, W., Weidick, A., & Higgins, A. (1997). The Nioghalvfjerdsfjorden glacier project,
north-east Greenland: A study of ice sheet response to climatic change. Geology of Greenland Survey Bulletin, 179, 95–103.
Weertman, J. (1974). Stability of the junction of an ice sheet and an ice shelf. Journal of Glaciology, 13(67), 3–11.
Weinrebe, R. W., KuijpKui, A., Klaucke, I., & Fink, M. (2009). Multibeam bathymetry surveys in fjords and coastal areas of west-Greenland.
Eos Transactions American Geophysical Union, 90(52), Fall Meeting Supplement, Abstract OS21A–1152.
Williams, C. N., Cornford, S. L., Jordan, T. M., Dowdeswell, J. A., Siegert, M. J., Clark, C. D.,… Bamber, J. L. (2017). Generating synthetic fjord
bathymetry for coastal Greenland. Cryosphere, 11(1), 363–380. https://doi.org/10.5194/tc-11-363-2017
Xu, Y., Rignot, E., Fenty, I., Menemenlis, D., & Flexas, M. M. (2013). Subaqueous melting of Store Glacier, west Greenland from
three-dimensional, high-resolution numerical modeling and ocean observations. Geophysical Research Letters, 40(17), 4648–4653.
https://doi.org/10.1002/grl.50825
MORLIGHEM ET AL. BEDMACHINE GREENLAND V3 11,061
